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ABSTRACT 

Mechanical ventilation of residences, with heat recovery in air-to-air 
heat exchangers, is an increasingly common practice. When this technique 
of ventilation is used in cold climates, however, freezing can occur in the 
air-to-air heat exchanger and substantially reduce its performance. A 
laboratory investigation was conducted to determine the indoor and outdoor 
environmental conditions that lead to freezing, the impact of freezing on 
performance, and the effect on performance of a common freeze protection 
strategy based on periodic defrosts. In experiments with three different 
models of air-to-air heat exchangers, the temperature of the inlet cold 
airstream at which freezing was initiated ranged from _30 C to _120 C and 
varied with the humidity of the inlet warm airstream. Freezing caused the 
temperature efficiency of a cross-flow heat exchanger to decrease at a rate 
that ranged from 1.5 to 13.2 percentage points per hour. Small rates of 
decrease in efficiency (0.6 to 2.0 percentage points per hour) resulted 
from freezing in a counterflow exchanger. The rate of decrease in 
efficiency depended on the airstream temperatures and humidities, and the 
duration of the period of freezing. The amount of time required to defrost 
the heat exchanger's core was 6 to 26% of the total operating time. The 
average temperature efficiency for freeze-defrost cycles ranged from 48 to 
64 percent in tests of the cross-flow exchanger and 70 to 82 percent in 
tests of the counterflow exchanger. When the frequency and duration of 
defrosts were nearly optimal, approximately a ten to fifteen percentage 
point decrease in average temperature efficiency was attributed to the 
freezing and required defrosts. The results' suggested that the rate of 
performance deteriorations due to freezing can be reduced by avoiding small 
airflow passages that can easily be plugged with ice and by designing the 
exchanger so that condensed water does not drain toward the cold regions of 
the core. Based on this investigation, suggestions are made for future 
experimental studies of freezing and for improved control of freeze-protec
tion systems. 
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IRTRODUCTIOR 

In the past, ventilation of residences has occurred primarily by 
uncontrolled infiltration (i.e., leakage of air through cracks and other 
openings) and by ventilation through open windows. Local and periodic 
exhaust ventilation using fans has also been employed to some extent near 
concentrated sources of pollutants and humidity. In recent years, however, 
many homeowners and home builders have taken measures to reduce ventilation 
by infiltration. The motivation for these actions has been to reduce the 
energy requirements for heating or cooling. Reductions-in the ventilation 
rate, however, often result in increased concentrations of indoor-generated 
air pollutants (National Academy of Sciences, 1981) including radon, form
aldehyde, combustion products and humidity. If the rate of pollutant 
generation indoors is high and/or the ventilation rate is low, indoor 
pollutant concentrations may be high enough so that the comfort or health 
of the occupants is jeopardized. To maintain acceptable pollutant concen
trations, mechanical ventilation systems that provide ventilation 
throughout the structure are now .being employed with increasing frequency 
especially in energy efficient residences that are located in cold cli
mates. These energy efficient residences generally have large amounts of 
thermal insulation and are constructed so that they have low infiltration 
rates. The use of mechanical ventilation in residences (i.e., ventilation 
with fans) permits better control of the ventilation rate, allows the 
locations of air supply and exhaust to be chosen so that pollutant concen
trations can be controlled more efficiently, and makes it possible to 
recover energy from the exhausted ventilation air. 

One increasingly utilized method of ventilating residences that 
incorporates energy recovery, is to use a residential mechanical ventila
tion system with an air-to-air heat exchanger (MVHX System). These systems 
supply outdoor air with a low concentration of indoor-generated pollutants 
to the residence and exhaust an equal amount of indoor air with a higher 
concentration of these pollutants. In the core of the heat exchanger, heat 
is transferred from the warmer airstream to the cooler airstream without 
mixing of the two airstreams; thus, the supply airstream is preheated in 
the winter and precooled in the summer before it enters the residence. The 
preheating or precooling of incoming ventilation air saves a significant 
percentage of the energy that would otherwise be lost when ventilation 
occurs without heat recovery. 

A typical residential air-to-air heat exchanger (Figure 1) is actually 
a system that consists of a core where the heat is transferred between the 
airstreams, a pair of fans (one for each airstream), and an insulated case 
which contains the core, fans, and fittings for attachment to ducting. A 
duct system is installed so that air is withdrawn from various locations 
throughout the residence, and preheated or precooled outdoor air is 
supplied to other locations. Other air-to-air heat exchangers are designed 
for use without ductwork. They are installed through a wall or window, 
much like a window air conditioner is installed. The performance and 
economics of residential MVHX systems have been investigated in laboratory 
and field studies conducted by Lawrence Berkeley Laboratory and by 
researchers in Canada, Europe and Japan (see for example: Fisk and Turiel, 
1983; Offermann et al., 1982; Svensson, 1982). 
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From an economic point or view, the use of MVHX systems is most 
a'ttractive in regions with cold climates and in houses heated with expen
sive forms of energy. However, when it is sufficiently cold outdoors, 
moisture in the exhaust airstream can freeze within the core of the heat 
exchanger and the resulting accumulation of ice or frost can substantially 
reduce the amount of heat recovery (i .. e., the amount by which the incoming 
air is preheated). A laboratory study of this problem of freezing in 
residential air-to-air heat exchangers has been conducted at Lawrence 
Berkeley Laboratory during the past two years. The objectives of this 
study were: 1) to determine the environmental conditions (indoor and out
door) under which freezing occurs, 2) to determine the impact of freezing 
on heat exchanger performance, 3) to evaluate a common freeze protection 
strategy, 4) to identify significant 'performance changes during freezing 
that could, with a suitable control system, activate a freeze protection 
system, and 5) to gain experience, in experimental evaluation of freezing 
that may be valuable for future studies. . ' 

Measurements were performed with three different models of heat 
exchangers. This paper provides background information on the problem of 
freezing, describes the measurement techniques employed for the study, and 
presents and discusses the results. 

DISCUSSION OF FRBBZDfG 

Background: 

In thi~ paper the term "freezing" refers to the formation of both ice 
and frost on the heat transfer surfaces from existing condensate and the 
water vapor in the air. Freezing occurs commonly in the evaporator coil~ 
of refrigeration equipment and in other low-temperature systems. Freezing 
in evaporator coils has been studied more thoroughly than freezing in air
to-air heat exchangers, and simple techniques of freeze-protection are more 
readily available for evaporator coils (e.g., periodically directing hot 
refrigerant through the evaporator). In air-to-air heat exchangers that 
are used in mechanical ventilation systems freezing is a significant 
problem when outdoor temperatures are cold. Freezing reduces the amount of 
heat recovery, increases the pressure drop and reduces the flow rate of the 
exhausted airstream, and, can interfere with the mechanical operation of 
rotary-wheel exchangers. 

Onset of Freezing: 

Freezing will occur if the temperature of a heat transfer surface, at 
some location within the core, is below OOC and also below the dewpoint 
temperature of the moist air in contact with the surface at that location. 
(The term "dewpoint temperature" is used in this paper to represent both 
dewpoint and frostpoint temperature.) If the temperature drop across the 
thickness of the plates that separate the airstreams is negligible (which 
is generally true), and the heat conduction along these plates parallel to 
the direction of flow is assumed negligible, the temperature of the heat 
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transfer surface is determined by the temperatures of the surrounding air 
and by the convective heat transfer coefficients. For this simple case, 
the surface temperature (Ts i) at a point "i" within the core can be 
calculated from the equation ' 

( 1) 

where: hW•i and hc i are the convective heat transfer coefficients at point 
"i" for tne warm &1d cold airstreams, respectively, and Tw i and Tc i are 
the corresponding bulk temperatures for the warm and cold a~r on eac~ side 
of the heat transfer surface. (The "bulk temperature" is the average air 
temperature, across the flow channel, in the direction perpendicular to 
the surfaces.) If the convective heat transfer coefficients are not equal, 
the surface temperature will more closely approach the temperature of the 
air with the higher coefficient. Condensation may effectively increase the 
warm air's convective coefficient due to a roughening effect of the surface 
and, thus, increase the heat transfer surface temperature. However, the 
coldest surfaces are generally located where the cold air enters the core 
and the convecti ve coefficient for the cold air may be significantly in
creased in this region due to entrance effects. These two factors, conden
sation and entrance effects, will counteract although one or the other may 
dominate in some situations. The relationships between airstream bulk 
temperatures, heat transfer surface temperatures, condensation and freezing 
are illustrated qualitatively in Figure 2 which shows the temperature 
profiles for a counterflow exchanger. The impact on surface temperature, 
of increases in the convective heat transfer coefficients due to condensa
tion or entrance effects, is also illustrated. Measured temperature pro
files in an actual counterflow exchanger under conditions with condensation 
are presented by Besant and Bugg (1982). 

To determine if freezing will be initiated, the surface temperature 
must be compared to the local dewpoint temperature of the warm air. The 
dewpoint temperature at some location within the core can be lower than the 
dewpoint temperature of the air entering the exchanger because the air may 
be dehumidified as it passes through the core. In a sensible core (i.e., a 
core in which only heat is transferred between airstreams) dehumidification 
will occur if water condenses from the airstream; however, the dewpoint 
temperature of the warm air cannot be reduced to a value below OOC unless 
freezing occurs. In an enthalpy core (1.e., a core that permits transfer 
of both heat and moisture between airstreams), the moist air will be 
dehumidified by the water vapor transfer through the heat transfer surfaces 
or by the adsorption of water on hygroscopic surfaces. Therefore, in an 
enthalpy core, the dewpoint temperature of the warm air may be reduced 
below OOC if the inlet humidity is low and/or the water vapor removal rate 
is high. Thus, the temperature at the onset of freezing can be 
significantly lower for an enthalpy core compared to a sensible core. 

Mechanisms of Freezing: 

The following three different mechanisms of freezing in heat exchan
gers have been identified: 1) Water vapor within the air may condense on 
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:. ;cold surfaces. If the surface temperature is reduced or. the condensate 
. drains to a colder region of the core, the liquid water may freeze to ice. 

2) If the dewpoint temperature of the moist air is below oOe and the air 
contacts a sufficiently cold surface, a layer of frost. will form on the 
surface. 3) If the air within the core is cooled below its dewpoint 
temperature, liquid droplets can form within the air and with further 
cooling the liquid droplets may freeze into a solid. With a sufficiently 
low dewpoint temperature, ice. crystals may form directly within the air 
without the prior formation of liquid droplets. In either instance, the 
frozen material may adhere to ·the heat transfer surfaces. 

Important Factors: 

From the previous discussion it can be concluded that the inlet 
temperature and humidity of the exhaust (i.e., warm) airstream and the 
inlet temperature of the supply (i.e., cold) airstream should affect the 
onset and/or rate of freezing. The rate of freezing and the amount of heat 
transfer surface area over which freezing occurs should increase as the 
inlet cold stream temperature is reduced. 

The impact of the humidity of the warm airstream is more complex. In 
many instances, a higher inlet humidity will lead to more condensation 
within the core and a smaller decrease in the warm airstream temperature. 
Furthermore, the condensation may increase the warm airstream's convective 
heat transf~r coefficient with.a corresponding increase in surface tempera
ture. Thus, the temperature of the cold airstream. at the onset. of freezing 
will be reduced as the humidity is increased. However, this trend may be 
reversed if the humidity of·the warm airstream is low. As mentioned above 
if the inlet dewpoint is below oOe (or if the dewpoint is reduced to a 
value below oOe within an enthalpy exchanger) the, onset of freezing 
temperature will decrease with a decrease in the inlet humidity. Thus, a 
maximum temperature fOr the onset of freezing may be expected at-some 
intermediate humidity. If freezing d.oes occur, a faster rate of ice or 

. frost formation would be expected with higher inlet humidities. 

A number of factors related to the design of the heat exchanger will 
also affect the onset and/or rate of freezing. In a heat exchanger that 
has a higher temperature efficiency (defined later), the exhaust air will 
be cooled by a greater amount; therefore, freezing will generally occur at 
a greater rate and at higher inlet cold-stream temperatures. 

Airflow geometry is also important. In an ideal counterflow the 
temperature distribution is one-dimensional (i.e., the temperatures vary 
only in the direction parallel to the air flow), while in an' ideal cross
flow the temperature distribution is two-dimensional. Due to the different 
temperature distributions, colder surface temperatures will occur in a 
cross-flow core compared to a counterflow core with the same temperature 
efficiency and identical inlet air conditions. Thus, the temperature at 
the onset of freezing should be higher in cross-flow cores although it is 
possible that freezing may be limited to only the colder regions of the 
core. However, in many actual counterflow cores, - the flow geometry de
viates from true counterflow near. the ends; thus, the differences between 
the onset of freezing in the two types of cores may be less than otherwise 
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indicated. 

The direction of drainage of condensed water and the size of the air
flow passages for the exhaust airstream are additional factors that can 
affect the rate of freezing. In cores where the condensed water drains to 
colder regions, the rate of ice formation may be increased and the cold 
ends of the flow passages may become obstructed more rapidly. Also, small 
passages are more easily obstructed with ice or frost. To minimize the 
size of their products, manufacturers of residential heat exchangers have 
often opted for "compact" core designs, where compactness is the ratio of 
heat transfer area to volume of the core. It may be advantageous to 
sacrifice some compactness in order to increase the size of flow passages 
for the exhaust airstream. 

Other factors that may affect the onset and/or rate of freezing that 
deserve a brief mention are: 1) the method by which the core is installed 
in the case can affect the temperature of heat transfer surfaces because of 
heat conduction between the case and core, 2) in actual heat exchangers 
there will be some heat conduction parallel to the direction of airflow in 
the plates that separate the airstreams and this conduction will affect the 
surface temperatures, and 3) the airstream flow rates and the ratio between 
the flow rates of the two airstreams will also affect the temperatures 
within the core and thus the freezing process. 

Methods of Freeze Protection: 

A large number of freeze-protection techniques are used in commercial 
heat recovery systems. In this section we describe only the two freeze
protection techniques that are most commonly used for residential heat 
exchangers. Various methods for controlling the freeze-protection systems 
are discussed in a later section. 

A common strategy is to defrost the exchanger periodically by 
interrupting the flow of the cold (supply) airstream. In general this is 
accomplished by turning off the supply-stream fan. The exhaust airstream 
continues to flow through the exchanger, warms up the core, and melts the 
accumulated frost or ice. After a period of time, the supply fan is turned 
on and normal operation resumes. During the defrost, air continues to be 
exhausted from the residence; thus, an equivalent amount of outdoor air 
must enter the residence. A portion of this outdoor air will enter through 
cracks and other openings in the building envelope - this air is therefore 
not substantially preheated before it enters the residence. Some air may 
also enter through the supply ductwork and the supply passages of the heat 
exchanger (where it will be preheated) if this path is not blocked during 
the defrost which is usually the case. For the defrost technique used in 
this experimental study, no cold air flowed through the exchanger during 
the defrosts. 

The second common freeze protection technique for residential heat 
exchangers is to preheat the cold supply air sufficiently to prevent 
freezing before this air enters the heat exchanger's core. An electric 
resistance heater is generally used for the preheater. Preheating the air 
consumes electricity and also reduces the amount of heat recovery in the 
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exc~anget-~ but the heat exchanger's operation is not interrupted by the 
freeze protection system. 

Review of Previous Work: - --
This discussion of freezing in air-to-air heat exchangers.is concluded 

by briefly reviewing previous work. Early work was conducted by staff of 
the University of Manitoba, who encountered freezing problems in a hospital 
installation of three rotary air-to-air heat exchangers with 3.7 m diame
ter, aluminum wire-mesh cores. The wheels were being operated below opti
mal rotational speed to reduce freezing and because of imbalances of the 
wheels caused by the freezing. Tests indicated that freezing was initiated 
with outside temperatures between -16oc and -260 c when' the exhaust air
stream's inlet relative humidity was between 25 and 30~. The University of 
Manitoba's staff performed additional tests in the laboratory with a hygro
scopic-wheel exchanger (Ruth et al.~ 1975). In this exchanger the onset of 
freezing, determined by an increase in 'pressure drop for the exhaust air.
stream of 50 Pa, was highly dependent on the'humidity of the exhaust 
airstream, and the humidity of the supply airstream could not be ignored. 
Freezing did not occur with supply stream inlet temperatures above -120 C. 
Supply temperatures as low as -260 c could be tolerated without freezing 
when the exhaust airstream had a temperature or 240 c and a relative 
humidity below 22~. 

Following the work in Manitoba, Sauer et ale (1981) at the University 
of Missouri-Rolla determined the onset of freezing for a "counterflow pure
plate" heat exchanger. Numerous tests were conducted with an inlet exhaust 
stream temperature of 240 C. The onset of freezing linearly ranged from 
-230 C with an inlet exhaust stream relative humidity of 60~ to -90 C with an 
inlet relative humidity of '30~. The criterion used to determine the onset 
of freezing was not given. These results agreed fairly well with tabulated 
data in the ASHRAE equipment handbook (American Society of Heating, Refri
gerating, and Air Conditioning Engineers, 1983). 

During the winter of 1980-1981, Lawrence Berkeley Laboratory (LBL) 
staff studied the performance of MVHX systems in nine occupied residences 
located in Rochester, New York (Offermann et al., 1982). The thermal 
performance of the heat exchanger in each residence was monitored for 
apprOXimately a one-week period by measuring inlet and outlet airstream 
temperatures every half hour. Occasional checks for freezing were also 
made visually. Freezing was observed in-the cores of both a counterflow 
and a cross flow heat exchanger. The onset ·of freezing, . as indicated by 
rapid deterioration in heat exchanger performance, was approximately _80 C 
for both exchangers. The indoor relative humidities during the study were 
in the range of 30 to 40~. 

LBL staff also partiCipated ,in monitoring the performance of a 
counterflow heat exchanger installed in a Minnesota residence. The onset 
of freezing, determined by performance measurements and periodiC visual 
measurements, was' approximately -70 C with an indoor relative humidity of 
30~. Rapid and substantial deterioration. in heat exchanger'performance was 
observed during this'unpublished study. 
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In addition to the experimental studies, Rostami (1982) completed 
a Ph.D. dissertation on condensation and frosting in air-to-air heat 
exchangers. His dissertation includes a review of previous work on frost 
formation on uniform-temperature flat plates, development of an improved 
model for frost growth rate, and use of the model to predict the perform
ance of a parallel-flow heat exchanger under conditions with frosting. 

IXPDIMBIfI'AL SYSTBH 

Overview: 

Experiments to study freezing in residential air-to-air heat' 
exchangers were conducted in a research laboratory with facilities for 
simultaneously producing warm and cold air with temperatures and humidities 
representative of the indoor and outdoor environments. Measurements of the 
flow rate, temperature, humidity, and static pressure of the airstreams 
entering and exiting the exchanger were used to determine performance. A 
description of the test and measurement systems is provided below. 

Environmental Controlof Air: 

The cold airstream flowed in a closed loop through the heat exchanger 
and conditioning equipment. Air returning from the exchanger was dried as 
it passed through a desiccant dehumidifier, which also contained a fan. 
The dried airstream then passed through two cooling coils, where it gave up 
heat to a chilled brine. The chilled air then returned to the exchanger 
through an insulated duct. The minimum attainable air temperature was 
approximately -120 C for the majority of the test program, although, 
procurement of a low-temperature brine chiller permitted a few experiments 
to be performed with inlet air temperatures of -21 0 C. 

The flow of warm air through the exchanger was provided by the fan for 
this airstream within the exchanger. This air was withdrawn from and 
returned to a chamber in which the temperature and humidity were controlled 
to match typical indoor conditions. This open-loop configuration without 
an auxiliary fan was chosen to ensure that the reduction in flow rate of 
the warm airstream during our tests was representative of the reductions 
that would occur due to freezing when the exchanger is operating in a 
residence. To maintain the desired temperature in the chamber, the chamber 
air was continuously recirculated through an air conditioner and an elec
tric heater controlled by a proportional temperature controller. Tempera
ture was generally maintained within 0.50 C of the desired value although 
larger deviations occurred occasionally and some test data were rejected 
due to poor temperature control. To control humidity, the chamber air was 
passed through a dessicant dehumidifier and steam was continuously injected 
into the chamber through a manually adjusted valve. In addition, a 
specially fabricated humidity controller, using the signal from a humidity 
probe, controlled the opening and closing of a solenoid valve to inject 
additional steam as required. Relative humidity (RH) was generally 
maintained stable within + 3~ RH for tests at 30% and 40% RH and within + 
5.5% RH for tests at 55% RH. 
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: ,":M~asurement System: 

~Temperature: Air temperature was m~asured in the insulated ducts adjacent 
to the inlet and outlet fittings of the heat exchanger. A pair of air 
mixing vanes, upstream of each measurement location ensured that the air 
temperature was uniform within approximately 0.2Soe at the measurement 
location. A thermolinear thermistor component (Yellow Springs, probe no. 
70S) was placed in the center of each duct and connected to a bridge 
circuit. The output voltage from the circuit was read by a microcomputer 
system. A grid of five copper-constantan thermocouples at each location, 
connected to a micro-voltmeter (Doric Scientific No. 400D) was read 
manually once during each test and served as an alternate measurement 
system. The thermo linear probes were calibrated twice at multiple tempera
tures during the measurement period by comparison to precision thermome
ters. The thermocouple system had been calibrated twice prior to this study 
by comparison to a platinum resistance thermometer that is traceable to the 
National Bureau of Standards. Based on the daily comparisons between the 
thermocouples and the thermolinear probes, small corrections (generally 0.1 
to 0.30 e) were made to the probe readings during final data analyses. The 
estimated accuracy of the temperature measurements is ± 0.2Soe. 

Flow Rate: The flow rates of the airstreams were measured with orifice 
plate flow meters. The pressure difference between the pressure taps 
upstream and downstream of the orifice plates was sensed by an electrical 
pressure transducer (MKS Baratron, Type 220A) and the output signal from 
the transducer was read by the microcomputer system. The pressure 
transducer was calibrated at multiple pressures twice during the measure
ment period using a micromanometer with, a sensitivity of 0.5 Pa (Dwyer 
Instruments Microtector). For each test the differential pressures were 
also determined manually once using the micromanometer.' The estimated 
accuracy of the flow rate measurements using a procedure specified by the 
American Society of Mechanical Engineers (1971) is approximately ± 2~. As 
a check on measurement accuracy, the mass flow rate of all air entering the 
heat exchanger was compared to the mass flow rate of all air exiting the 
exchanger and the difference was generally less than 2 to 3%. 

Humidity: The humidity (dew point' temperature) of the warm airstream was 
measured both upstream and downstream of the heat exchanger. The dew point 
temperature of the cold airstream was generally less than -1aoe and was 
only measured occasionally. The dew point probes used for this study 
(Yellow Springs, No 9102) utilize a thermo linear thermistor temperature 
sensor surrounded by a lithium chloride bobbin and were connected to a 
bridge circuit. The output voltages from the circuit were read by the 
microcomputer. The temperature sensor in each probe was calibrated by the 
method previously described for air temperature probes. During each test, 
humidity was also measured once at each location using precision wet and 
dry bulb thermometers. For the inlet warm airstream, the difference bet
ween the dewpoint, calculated from wet and dry bulb measurements and that 
from the lithium chloride probes, was as great as 1.Soe for a few tests but 
was generally between O.S and 1.00 e. In the final data analYsis, the 
measured dewpoints were corrected to the extent possible using the wet and 
dry bulb measurements; however, the estimated uncertainty in the final 
calculated dewpoints is still on the order of +1.00 e which causes approxi
mately a +3% uncertainty in inlet, relative humidity. The humidity probe in 
the outlet warm airstream gave erratic results during some of the tests. 
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This airstream was nearly saturated with water vapor during many of the 
tests and condensation of water on the probes may have caused the measure
ment problems. Since the accuracy of the dewpoint probes was less than 
desirable (some of this inaccuracy may have been due to their long time 
constant), for the final few tests they were replaced by capacitance-type 
relative humidity probes (Humicap HMP23U), that were calibrated by compari
son to an instrument that uses a chilled mirror to sense dewpoint tempera
tures (EG&G Environmental Model 911). However, this type of probe also gave 
poor results when placed in the nearly saturated outlet air. 

Microcomputer: The microcomputer (Intel 8020) was controlled by a BASIC 
program. Four channels of data were read in sequence - each channel 
consisting of all signals for an airstream (e.g., the signals from sensors 
for temperature, pressure, humidity, and flowrate of the inlet warm air
stream constituted one channel). After cycling through the four channels, 
the zero reading of the two pressure transducers was checked automatically. 
A complete cycle was completed every five minutes. The computer controlled 
the opening and closing of solenoid valves so that the pressure tranducers 
sensed the appropriate differential and static pressures. 

~ Processing: Substantial data processing was performed by the BASIC 
program loaded into the microcomputer system (e.g., calculations of flow 
rates, temperatures, pressures, dewpoint temperatures, relative humidities, 
mass balance, etc.).· The processed and unprocessed data were printed on 
paper and recorded on magnetic tape. Using a larger computer system, 
computer generated plots were prepared for each test and further calcula
tions were performed. 

IXPBRIHII'lAL PROTOCOL 

The test performed can be divided into the following distinct groups: 
(1) tests to determine the temperature of the inlet cold airstream at which 
freezing was initiated (i.e., the onset of freezing), and (2) tests to 
determine the heat exchanger's performance during periods with freezing and 
periodic defrosts. The procedures for the tests are described below. 

Onset of freezing tests: To determine the onset of freezing, the tempera
ture and relative humidity of the warm airstream entering the exchanger 
were established at approximately 200 C and 30, 40, or 55~ RH. (To deter
mine the onset of freezing of the Flakt exchanger, tests were performed at 
25~ RH instead of 30~ RH.) The temperature of the cold airstream entering 
the exchanger was adjusted, using an electric heater so that it equalled 
the desired value. Damper valves were adjusted so that the mass flow rate 
of the two airstreams were approximately equal (i.e., within 10~). The flow 
rates chosen for the tests were approximately 210, 190, and 130 kg/h for 
tests of the Flakt, Air Changer, and Mitsubishi exchangers, respectively. 
(The exchangers are described later.) Static pressures were adjusted to 
minimize leakage of air between airstreams. Conditions were maintained 
stable for up to six hours. The face of the heat exchanger's core, where 
the exhaust airstream exits the core, was periodically inspected for frost 
or ice through small windows installed in the case. If frost or ice was not 
visible after six hours we deSignated the test as one without freezing, and 
if ice or frost was visible, we deSignated the test as one with freezing. 
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For onset of freezing tests of the Flakt exchanger, which were completed 
before our test system became partially automated, the waiting period was 
only;.5; 4 1/~, and 4 hours respectively for tests at 25, 40, 55~ relative 
humidity. ~Freezing.appeared to.occur more rapidly in this exchanger; 
however, it "would have been preferable to wait for six hO\.lrs as in tests 
of the other 'units. 

It should be. noted that a visual observation of frost or ice always 
preceded any definitive changes in performance attritiutableto freezing. .-
Small (a few percent) changes in static pressures and small reductions in 
the flow rate of the warm airstream were considered to be unreliable as 
indicators of freezing, because a build-up of condensate within the core 
could have been the cause of these changea. It may also be noted· that 
these tests did not determine whether the freezing would progress 
sufficiently to cause a substantial reduction in. performance. The choice 
of a visual criterion for the onset of freezing is further discussed later 
in this paper. 

Freeze-defrost cycles: Tests were conducted during which the heat exchan
ger was periodically defrosted. The .elapsed time between defrosts desig
nated as the "duration of the freeze" was a test variable and equaled 
roughly 1, 2, 4, 6 hours or overnight. The temperature and relative humi
dity of the inlet warm airstream was maintained at approximately 20oCand. 
30, 40, or 55~ respectively. At the beginning of the freeze-defrost 
cycles, the airstream flow rates were balanced and equal to approximately 
200 kg/h. (Here, we are referring to the flow rates ·of the airstreams as 
they exit the heat exchanger. Inlet and outlet flow rates were slightly 

.different because of leakage between the two airstreams. The net amount of 
leakage in the Flakt and Air Changer heat exchangers, respectively, was 
roughly 1~ and 5~ of the flow rate.) At· the beginning of each cycle, the 
temperature of the inlet cold airstream decreased rapidly (as the ductwork 
upstream of the heat exchanger cooled) after which this temperature re
mained fairly stable at approximately -12oC for the majority of tests and -
21 0 C for a few tests. 

Because initialcondlt10ns (e.g., amount of moisture in the core) can 
have a significant .effect on the rate of freezing, freeze-defrost cycles 
less than 6 hours in duration were repeated two to six times in succession. 
Data from the last cycle or pair of cycles should be largely unaffected by 
initial conditions, and .it is these data that are presented later in this 
paper. Freeze-defrost cycles of more than six hours duration could not be 
repeated in succession during a workday,. since the defrosts· were manually 
controlled. Tests with a six hour duration of freeze were preceded by 
approximately two hours of freezing and a defrost. Overnight tests w·ere 
preceded by either the defrost from a previous test of shorter duration or 
several hours of operation with the inlet temperature of the cold stream 
maintained at OOC. The defrosts were initiated manually by turning ·off the 
heat exchanger's cold-airstream fan and adjusting valves so that the c~ld 
airstream bypassed the exchanger. The defrost was allowed to. progress 
until complete as determined by a visual observation of the core. The 
criteria for the end of a defrost were that all visible ice and frost had 
melted and that rapid dripping of water from the core had decreased 
abruptly. Previous to establishing this criteria, we attempted to use the 
flow rate of the warm airstream. (which increased throughout the defrost) as 
the criterion to. end the defrost. This criterion did not always corre-
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late well with visual observations and yielded fairly non-repeatable re
sults - so it was rejected. 

THE BElT BlClWlGDS 

Tests were performed with two different residential heat exchangers 
plus the core from a third exchanger. The three exchangers were of 
substantially different design, therefore, it was expected that the onset 
and rates of freezing for the units might differ significantly. 

Flakt RDAA-2-0-1 heat exchanger: The first heat exchanger tested was 
manufactured by Flakt of Stockholm, Sweden and was obtained through Flakt 
Products Inc., Fort Lauderdale, Florida. The exchanger (Figure 3) consists 
of a cross flow aluminum core, two aluminum mesh filters, and two 
centrifugal fans mounted in an insulated case with fittings for attachment 
to ductwork. The parallel plates in the crossflow core are separated by 
aluminium fins that divide the space between the plate. into small 
triangular passages. The cold airstream flows through the core in an 
upward direction (450 from the horizontal) and the warm airstream flows 
downward (also 450 from the horizontal). Any water that condenses in the 
core drains downward in the direction of airflow toward the colder end of 
the core. Before testing this exchanger, an effort was made to seal bet
ween the core and the case in order to minimize leakage between airstreams. 
During previous testing, of an identical exchanger at LBL under conditions 
with no condensation or freezing within the core and no operation of the 
heat exchanger's fans, the supply stream temperature efficiency (defined 
later) was approximately 63~ for the flow rate in our tests. The 
efficiency was higher in the present tests, because of heat released during 
condensation and from the fan motors. 

Air Changer Deluxe Series 01000 ~ exchanger: The second heat exchang\r 
tested was manufactured by the Air Changer Company LTD., London, Ontario , 
Canada. This exchanger (Figure 4) consists of a polypropylene counterflow 
core and two axial fans mounted in an insulated case with fittings for 
attachment to ductwork. The cold airstream enters and exits the ends of 
the rectangular core. The warm airstream enters the top of the core 
through a series of slots at one end, and exits from the bottom of the core 
through a series of slots at the opposite end. As with most plate-type 
heat exchangers, the core is essentially a series of parallel plates with 
portions of each airstream directed through alternate passages. In this 
exchanger, the passages for the cold airstream are further subdivided into 
small rectangular channels while the passages for the warm airstream are 
not subdivided. Due to the unique design of this heat exchanger, much of 
the water that condenses within its core drains against the direction of 
airflow to the warmer end of the core. (The manufacturer asked us not to 
disclose details regarding the exchanger's design.) The unit tested was 
one of the first produced by the manufacturer and considerable sealing was 

·The reader should be aware that the designs described here are copyright 
and subject to U.& patent application and that a Canadian patent has been 
issued in respect of all the claims made by the inventors. 
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required to decrease the rate of air leakage between airstreams. The 
manufacturer indicates that this .leakage problem has been corrected and 
that tnt.s par.tlcular exchanger is no longer in production but that similar 
models" ~are available. Product literature indicates that the temperatures 
efficiency of this heat exchanger is roughly 90~ for the flow rate in our 
tests~' 

Mitsubishi VL-1500 core: The third product tested is a heat exchapger 
core (Figure 5) from the Mitsubishi VL-1500 heat exchanger (Mitsubishi 
Electric Sales America Inc., Compton', CA). This cross flow core is 
constructed from a treated paper and, water vapor is transferred directly 
through the paper surfaces from the more humid to the less humid airstream. 
The exact mechanism for the moisture transfer is not specified. The heat 
exchanger is designed for installation through a wall or window and; there
fore, has no provisions for attachment to ductwork. For. testing, the core 
was removed from the exchanger and iristalledin a sheet metal housing that 
could easily be connected to ductwork. In the tests, the warm airstream 
flowed in an upward direction (450 from the horizontal) and the cold air
stream flowed ina downward direction (450 from the horizontal). The same 
flow configuration is employed in the Mitsubishiheat exchanger. Condensed 
water drained' against the direction of airflow toward the wa~.mer, end of the 
core. This core was chosen tor evaluation because of its capability to 
transfer moisture. By reducing the dewpoint temperature of the warmer air, 
the transfer of moisture may reduce the inlet cold stream temperature at 
which freezing is initiated~ Moisture transfer should also reduce the rate 
of ice or frost for~ation. Our tests with this core were limited to a 
determination of conditions at the onset of freezing. 

CALCULATED PBRFORIWICB PARAHBTBRS 

A description of the most important parameters calculated from data 
obtained during freeze-defrost cycles is proyided below. 

Airstream properties: The average, maximum, and' minimum value of the 
temperature and mass flow rates of the airstreams entering and exiting the 
heat exchanger were determined excluding data from the,defrost portion of 
the freeze-defrost cycles. For the entering and exiting warm airstream, 
the average, maximum, and minimum value of humidity ratio (i.e., mass of 
water vapor divided by mass of, dry air) and relative humidity were, also 
determined. . . 

Temperature efficiency and rate of change of temperature efficiency: For 
each cycle of data, consisting. of a measurement for all four airstreams, 
the temperature efficiency for the supply airstream (i.e., the airstream 
that would be supplied to the residence) was calculated from the equation , . 

T - T . 
E 

e,o .c,l. 
'x 100%, 

T . - T . 
(2) 

W,l. e,l. 

where: T is an airstream temperature, and subscripts c, w, i, and 0 refer 
to the cold airstream, the warm airstream, inlet and outlet, of the heat 
exchanger, respectively. This efficiency equals the temperature rise of 

12 



the cold airstream divided by the theoretical maximum temperature rise and 
in theory can range from zero to unity. (Actually, if some heat source 
such as a fan motor, is located between the upstream and downstream 
measurement pOints, the efficiency as defined above can exceed unity.) An 
increase in efficiency corresponds to a decrease in the heat load imposed 
on the home's heating system; therefore, it is desirable for the efficiency 
to be as high as possible. 

As ice or frost forms in the core of the heat exchanger, the tempera
ture efficiency decreases. The average rate of change of efficiency for a 
freeze cycle, ~E, which is a measure of the rate of performance deteriora
tion, was calculated from the equation 

where: E3 is the value of E calculated from data recorded during the 
third five-minute data interval after completion of the previous defrost, 
en is calculated from data taken in the last interval prior to initiating 
the next defrost, and t3 and tn are the corresponding times. The value of 
temperature efficiency from the third data interval was used in the 
calculation because the first one or two values were often abnormally high 
due to heat storage in the core during the previous defrost. The time
weighted average temperature efficiency (£avg ) for the entire freeze
defrost cycle (or pair of consecutive cycles) was also calculated, assuming 
that E equalled zero during the defrost. 

Rate of change of !!!!!!. flow rate: The mass flow rate of the warm airstream 
was reduced as ice or frost formed within the core. The rate of change of 
mass flow rate (~M), is another indicator of the impact of freezing on 
performance, and was calculated from the equation 

(4) 

where: M and t refer to mass flow rate and time and the subscripts "1" and 
"n" refer to the first and last five minute data interval, respectively. 

Defrost time fraction: One last parameter that was calculated is the 
defrost time fraction (R). This parameter equals the elapsed time during 
the defrost divided by the total elapsed time for the freeze-defrost cycle. 

RESULTS 

Onset of freezing: 

Analytical prediction: The mechanisms of freezing were discussed in a 
previous section. During the experimental study the most prevalent 
mechanism was the freezing of condensate, however, the formation of frost 
was also observed in many tests. To obtain an appreciation for the 
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parameters inyolved in, the onset of freezing, a simple theoretical predic
tion ot: the onset of freezing in a counterflow exchanger was made based on 
the following simplifying assumptions: 

>,'1,. 

:'::1. Equal mass flow rates, i.e., the mass flow ratio = 1. 

2. The airstream heat transfer coefficients are equal, i.e., the 
plate temperature is the mean of the bulk airstream temperatures • 

3. 
• 

Freezing occurs when the temperature of the surface is less than 
the freezing point (OOe) and the inlet dewpoint temperature of 
the warm air. 

4. The temperature efficiency of the heat exchanger is independent 
of humidity when the inlet relative humidity of the warm air
stream is less than 30~, and the temperature efficiency increases 
linearly by eight percentage points as the inlet humidity in
creases from 30 to 70~. (This assumption is an approximation 
based on data from this. study and work by others.) 

An, iterative procedure was used for the calculations. In each i~era
tion, the assumed value for the temperature of the inlet cold airstream was 
reduced by 0.250 e, an,d the minimum plate temperature was calculated using 
an energy balance to equate the heat gained by the cold airstream to the 
heat lost by the warm airstream. The calculations were terminated when the 
calculated plate temperature was less than, both oOe and the inlet dewpoint 
temperature of the warm airstream. 

Figure 6 was plotted from a sample of the calculations performed and 
serves to demonstrate the relationship of some of the variables involved. 
First, temperature efficiency can have a significant impact on the onset of 
freezing although previous data on the onset of freezing were often 
published without any reference to temperature efficiency. The effects of 
different temperature efficiencies are demonstrated in the figure and the 
curves demonstrate the concept sometimes used to control freezing, namely, 
that a reduction in the efficiency .lowers the inlet temperature of the 
supply airstream at which freezing is initiated. The reasons for the 
reduction of the temperature at the onset of freezing with high and low 
humidities of the exhaust airstream were explained previously. A peak 
temperature at which the onset of freezing occurs is predicted at a rela
tive humidity of 25~ to 35~. The model predicts that freezing occurs at 
temperatures that are significantly higher than the "Frost Threshold 
temperatures" listed by ASHRAE (1983). ASH RAE does not indicate the 
assumptions for their data. 

Flakt cross ~ heat exchan,ger: Figure 7 shows the experimental results 
for the onset of freezing of the Flakt exchanger. The core of this 
exchanger is mounted at 450 to the horizontal so the exhaust airstream 
flowed downward and thus the condensate was carried toward the coldest 
surfaces. The temperature efficiency encountered during these onset of 
freezing tests varied from 70~ to 77~. 

For the test results shown in the figure, the exhaust inlet tempera
ture was 200 e and the mass flow ratio was unity. The results show a peak 
temperature ~t the onset of freezing of -2.70 e at the mid-range relative 
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humidity, but the actual location of the peak cannot be determined because 
tests were performed at only three different humidities. At the high 
relative humidity the onset of freezing was reduced because condensation 
tends to increase the surface temperatures. At low humidities, the inlet 
dewpoint temperatures were close to the freezing temperature, and the 
formation of frost was observed. 

Air Changer heat exchanger: Figure 7. Although both airstream flows were 
predominantly horizontal in the Air Changer heat exchanger, some of the 
condensate drained against the direction of flow and presumably some re
evaporation of the condensate occurred. The results indicate the onset of 
freezing was almost independent of the relative humidity of the exhaust 
air. The exchanger showed some improvement over the Flakt since no 
freezing took place above -50 C. 

Again the controlled variables, the exhaust airstream inlet tempera
ture and the mass flow ratio were held constant at 200 C and unity, respec
tively. The temperature efficiency varied from 85 to 90~ during these 
tests. The plate temperature at the cold end of the core was calculated 
for all the points plotted by assuming equal heat transfer coefficients 
(i.e., averaging the supply inlet and exhaust outlet temperatures). In all 
cases the calculated plate temperature was below OOC for the tests where 
freezing was observed and above OOC for tests without freezing, within the 
limits of experimental error. 

For comparison to these results, the work completed at the University 
of Missouri-Rolla by Sauer et ale (1981) was included in Figure 7. The 
paper contains few details on how the data were collected. . The inlet 
temperature of the exhaust airstream was held at 240 C (750 F) but no mention 
is made of the mass flow ratios used or the range of temperature efficien
cies. In the LBL tests, the onset of freezing was observed visually. The 
authors of the Missouri-Rolla paper described the technique for determining 
onset of freezing based on a change in the exhaust airstream's pressure 
drop that was previously used by Ruth et ale (1975) of the University of 
Manitoba. If Missouri-Rolla researchers used this method to determine the 
onset of freezing it may account for the lower temperatures determined for 
the onset of freezing. Also, the temperature efficiency of the exchanger 
used for their tests may have been considerably lower than the efficiency 
of the exchanger used in LBL's tests. 

Mitsubishi VL-1500~: Figure 8 shows experimental results for the onset 
of freezing of a Mitsubishi core. The exchanger was a total enthalpy type 
and the core was arranged for cross flow. This flow arrangement caused the 
exhaust airstream to flow upward at 450 and the condensate downward against 
the flow. 

As anticipated the results do not indicate any lowering of the 
temperature of the onset of freezing as the relative humidity of the ex
haust air increases. The moisture is transferred out of the exhaust air
stream lowering the specific humidity and the dewpoint, as the flow 
progresses toward the outlet •. In tests with low inlet relative humidities, 
it is apparent that the dewpoint of the exhaust airstream has been lowered 
considerably below the freezing temperature because the onset of freezing 
is significantly lower than for the other units tested. This fact is 
confirmed by the measurements of outlet humidity. 
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For comparison purposes the University of Manitoba results by Ruth et 
al.:"{'1981). have been plotted in the same figure. The similarity in the 
s~ape:9' of the characteristic curves are of interest. The Un! versi ty of 
Manitoba tests were" performed on a rotary-type total enthalpy' exchanger 
consisting of a hygroscopic wheel. The onset of freezing temperature was 
again considerably lower due to the removal of the moisture from the eX
haust airstream and the resultant lowering of the dewpoint. The onset of 
freezing was determined by the previously described technique based on 
exhaust airstream pressure drop. 

General observations: Comparing the work performed in the LBL facilities 
wi th the previous work that had been performed on the onset of freezing 
highlighted some of the shortcomings. In this work the onset of freezing 
was determined visually which, ,although positive, may not be convenient and 
does not assure that sufficient freezing would, occur to reduce performance 
significantly. The choice of a 50 Pascal increase in the static pressure 
drop of the exhaust airstream as the criterion for the onset of freezing is 
not appriopriate for all heat exchanger,designs. Standard procedures for 
testing residential air-to-air heat exchangers are now being developed in 
Canada and development of similar test" procedures is being considered in 
the U.S., thus, the establishment of an acceptable and universal method of 
determining the onset of freezing is recommended. It is also recommended ' 
that temperature efficiencies be included in any freezing data because it 
is difficult to compare results from differenct investigations withoq,t 
these data. 

Freeze-Defrost Cycles with ~ Cold Airstream Temperature of -12DC: 

As indicated in the previous description of experimental protocol, 
tests of both the Flakt and Air Changer heat exchangers were conducted with 
freezing and periodic defrosts. In this section we first discuss results 
from tests with the temperature of the inlet cold airstream maintained at 
approximately -12oC. 

Trends with time: Two parameters that were highly affected by the freezing 
within these exchangers are the temperature efficiency and the mass flow 
rate of the warm airstream. As typical examples, these parameters and the 
inlet temperature of the cold airstream are plotted versus time in Figures 
9 and 10. 

Figure' 9 shows these plots for a test of the Flakt exchanger with the 
inlet relative humidity of the warm airstream maintained at approximately 
30%. In this test, the duration of the freeze (i.e.," the elapsed time 
between the end of the previous defrost and' the start of the subsequent 
defrost) was 13.3 hours and the defrost of the core required approximately 
0.8 hours. At the start of the test, the temperature of the inlet cold 
airstream fell rapidly after which it decreased slowly. The average 
temperature was -130 C. There was a sharp peak in temperature efficiency at 
the start of the test which is attributed to heat storage in the core 
during the previous defrost and subsequent transfer of this heat to the 
cold airstream. Neglecting data during this initial peak, ,the efficiency 
decreased gradually from 72% to 42% and the rate of decrease in efficiency 
leveled off over time. After the defrost, the efficiency returned to 
approximately its initial value. 
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The trend in mass flow rate during this test was similar to the trend 
in temperature efficiency, although there was no initial peak in flow rate 
and no leveling off of the rate of decrease in flow rate. 

Figure 10 shows the same plots for two successive freeze-defrost 
cycles with approximately a four hour duration of the freeze. The inlet 
relative humidity of the warm airstream was maintained at approximately 
55%. No sharp peak in temperature efficiency is evident in this figure. 
We expect that a peak in efficiency occurred but that it was not recorded 
due to its short duration and the periodic nature of our measurements. The 
average rate of decrease in temperature efficiency and mass flow rate was 
greater during this test than during the previously described test due to 
the higher inlet humidity and shorter duration of the freezing period. 

The trends in temperature efficiency and mass flow rate during tests 
of the Air Changer heat exchanger were similar to the trends in tests of 
the Flakt exchanger, however, the rates of decrease in these parameters 
were generally much smaller. In addition, the rate of decrease in tempera
ture efficiency did not level off significantly with time even during tests 
of 14 hours in duration. 

Visual Observation: During tests of each exchanger, the face of the core 
where the warm airstream exits, was visually inspected through windows 
installed in the case. In the cross flow Flakt core, the coldest surfaces 
should theoretically be located at the lower edge of this outlet face. 
Frost or ice appeared first along this edge and then progressed upward with 
increasing time. A white, opaque solid, assumed to be frost, was 
frequently observed in the colder regions of the core especially during 
tests with low inlet relative humidities. A more translucent solid, 
assumed to be ice, was also observed and was generally present in greater 
quantities than the frost. Initially, the ends of individual triangular 
flow passages became plugged with ice or frost but as time progressed large 
portions of the face of the core became covered with ice and icicles 
extended from the surface of the core. The face of the core was never 
entirely obstructed because the warmer, top regions of the core remained 
free of ice or frost. It was not unusual to simultaneously observe frost 
and ice, and condensate dripping from the core. 

Based on the visual observations, we suspect that during these tests 
many of the flow passages became obstructed at their cold end before sub
stantial ice or frost formed deeper wi thin the core. Obstruction of the 
end of a flow passage would prevent flow of air along the entire passage 
and, therefore, render the surface area in that passage useless for heat 
transfer. We also suspect that the direction of water drainage had a large 
impact on performance. Because condensed water drained toward the cold end 
of the core where it could freeze, the rate of ice formation and 
performance deterioration was probably more rapid. Under conditions with 
freezing, this exchanger might perform better if the warm air flowed upward 
and condensed water drained against the direction of flow toward the warmer 
end of the core, despite the adverse impact on performance that would 
result from re-evaporation of condensed water. 

In the Air Changer heat exchanger, the warm airstream exits the core 
through a series of long narrow slots instead of very small flow passages. 
In the core of this exchanger, the warm airstream flows through passages 
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that consist of the space between the parallel plates that separate the two 
airstreams. These flow passages for the warm airstream are not subdivided 
into smaller passages as in the F1akt exchanger, thus complete blockage of 
the end of a flow passage with ice would appear less likely. Ice or frost 
(prim~ri1y ice) first formed at the coldest end of the slots through which 
the warm airstream exited and progressed with time toward the warmer end of 
the slots. A slot never became completely obstructed with ice, although it 
is possible that flow passages become substantiai1y or completely 
obstructed at locations within the core that we could not observe. The 
rate of ice formation at the outlet face of this core was considerably less 
than the rate of ice formation observed during tests of the F1akt exchan
ger. 

Based on the visual observations, two factors may help to explain why 
performance deteriorations were less rapid in this exchanger. First, the 
flow passages for the exhaust airstream were not small enough to be easily 
obstructed by ice. Secondly, much of the water that condenses within this 
core drains toward the warmer end of the core instead o"f the colder end 
where it could freeze. 

Rate of change of temperature efficiency: The average rate of change in 
temperature efficiency (hE) during the periods of freezing (i~e., the 
periods of time between defrosts) as well as other calculated results and 
the average properties of the 'inlet airstreams are tabulated in Tables' 1 -
3. The data on rate of change of temperature efficiency are also plotted 
versus duration of freeze in Figures 11 and 14. ' 

In tests of the F1akt exchanger, hE ranged from 1.5 %/h (percentage 
points decrease in E per hour) to 13.0 %/h. There is significant scatter 
in the data but the highest values of hE' occurred for tests with a high 
inlet humidity and a fairly short duration of freeze (1 - 4 hours). In 
tests with the inlet relative humidity of the warm airstream maintained at 
40 and 55%, the average value of hE decreased si'gnificant1y with an 

, increase in test duration. This trend may be explained by the leveling off 
in E that was observed as time progressed during an individual test. It 
is also clear from the figure, that an increase in hE is associated with 
an increase in the inlet humidity of the warm airstream at least for tests 
with duration of freeze from one to four hours. 

In tests of the Air Changer heat exchanger, hE ranged from 0.6 %/h to 
2%/h. On the average, hE was much smaller during tests of this exchanger 
compared to its value during tests of the F1akt. There are insufficient 
data to indicate correlations between hE and inlet humidity or the dura
tion of freeze. 

Rate of change in !!!!. flow rate: The rates of change in mass flow rate of 
the initially warm airstream as a percentage of initial flow rate (h H) are 
tabulated in Tables 1 - 3. The relationships between h H and tests condi
tions (i.e., duration of freeze and inlet humidity) were generally similar 
to the relationships discussed above for hE. 

For tests of the F1akt exchanger, the ratio h HI hE (not tabulated) 
averaged 0.9 (with a standard deviation of 0.6) and ranged from 0.3 to 1.6. 
The average of hH/hE from tests of the Air Changer was 2.2 (with a stan
dard deviation of 0.7) and the range was from 1.1 to 3.2. Thus, the 
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temperature efficiency of the Air Changer appeared to be less affected by 
the reductions in mass flow rate. 

The expected relationship between a reduction in mass flow rate and a 
reduction in temperature efficiency is complex. Because the flow in these 
exchangers is laminar, the convective heat transfer coefficients should be 
largely independent of flow rate. However, as mentioned earlier this 
convective heat transfer coefficient may be enhanced by the condensation 
and ice or frost deposition. Changes in the flow rate through the small 
passages in these exchangers will affect the temperature profiles in the 
cores and therefore the temperature efficiency (note that the flow rate in 
some channels may be reduced and in others it may be increased). Finally, 
the reductions in flow rate may be due, in part, to complete obstruction of 
some flow passages which would cause a reduction in effectiveness. 

Defrost time fraction: Another calculated parameter is the defrost time 
fraction -Wigures 12 and 15) which equals the time required to defrost 
divided by the total elapsed time during the freeze-defrost cycle. The 
value of R, expressed as a percentage, ranged from 4 to 26% in tests of the 
Flakt exchanger and from 6 to 17% in tests of the Air Changer. These 
ranges are not directly comparable, however, because tests of shorter and 
longer duration were conducted with the Flakt exchanger. If tests of the 
same duration are compared, the values of R for the two exchangers are not 
highly different. The value of R decreases with an increasing test dura
tion, indicating that the defrost time is used more effectively after a 
long freeze. 

As shown later, in tests of the Flakt exchanger the optimal length of 
time between defrosts appeared to be in the range of 1-6 hours. Thus, 
defrost time fractions of roughly 15% would generally be required when 
operating the exchanger under similar conditions. (Defrost time fractions 
up to 25% may be required if the inlet humidity is high and the duration of 
the freeze is 1-2 hours.) The optimal time between defrosts of the Air 
Changer heat exchanger under the test conditions appeared to be in the 
range of 6-13 hours. No data are available with freeze periods in this 
range, but the available data suggests that defrost time fractions of 6 to 
12% would be required under these conditions. 

It should be noted that the test protocol did not permit determination 
of the optimal value of R for any given test. Also, the decision of when 
to terminate defrosts was subjective because it was based on visual indica
tors. The value of R varied significantly between repeated cycles of tests 
and repeated tests, especially for tests of short duration. 

Time averaged temperature efficiency: One final calculated parameter 
(plotted in Figures 13 and 14) is the time averaged temperature efficiency 
(E:avg). Obviously, it is desirable to operate the exchanger in a manner 
that will maximize the average temperature efficiency. 

The value of £avg ranged from 48 to 64% in tests of the Flakt 
exchanger. The average temperature efficiency was higher when the time 
between defrosts was 1-6 hours compared to 10-20 hours. An average effi
ciency of -62% was typical for tests of 1-4 hours duration with inlet 
relative humidities of approximately 30 and 40%. The temperature effi
ciency during initial stages of the freeze cycles was typically in the 
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range of 72 to 82~ depending on inlet humidity. Therefore, a decrease in 
average temperature efficiency of roughly 15 percentage points can be 
attributed to the freezing and the required defrosts when the inlet 
humidity was 30 and 40~. A greater reduction in performance occurred with 
high~'~ .. ·inlet humidities • 

• ¥" ,. .' 

In tests of the Air Changer, the average temperature efficiencies were 
significantly higher and ranged from 70 to 82~. The optimal time between 
defrosts appeared to be in the range of 6 to 13 hours, although no tests 
were conducted in this range. Properly operated under conditions similar 
to those in the tests, average temperature efficiencies of 73 to 82~ appear 
achievable, although the higher efficiencies would occur only with a high 
inlet humidity. It should be noted that there was significant leakage of 
air (-5~) during the tests from the warm to the cold airstream, thus the 
measured temperature efficiencies cannot be attributed entirely to heat 
transfer across surfaces in the core. The temperature efficiencies of this 
exchanger during the initial periods of freeze-cycles were in the range of 
86 to 91%. Therefore, roughly a 10~ reduction in temperature efficiency 
can be attributed to the freezing and the required defrost cycles under 
these operating conditions. The reductions in temperature efficiency noted 
above (10 and 15~) are based on the assumption that the periodic defrosts 
are controlled in a fairly optimal manner. The methods currently used to 
initiate and terminate periodic defrosts in residential heat exchangers 
may, in many cases, not provide optimal performance. Thus, larger reduc
tions in average temperature efficiency due to freezing may be common. 

Freeze-Defrost Cycles with Cold Airstream Temperature of _200 C: 

A limited number of tests were performed with the average inlet 
temperature of the cold airstream maintained at a significantly lower'value 
(i.e., approximately -200 c compared to -120 C). These tests were conducted 
or..ly with the Flakt heat exchanger and only with warm airstream relative 
humidities of approximately 32 and 42~. The results are tabulated in Table 
2 ,U 1 plotted as open data points in Figures 11 -13. . 

During most of these low-temperature tests,' there were small reduc
tions (-8~) in the mass flow rates of the cold airstream due to freezing on 
the cooling coils of the test system, and these reductions undoubtedly 
affected the results. The rates of decrease in temperature efficiency were 
two to three times greater during low-temperature tests compared to the 
rates of decrease during corresponding tests with a higher cold airstream 
temperature. Despite this fact, for tests with a two-hour freeze duration, 
the defrost time fractions and average temperature efficiencies were not 
significantly different from those observed with the higher cold-stream 
temperatures. In tests with a three- and four-hour duration of freeze, 
however,the defrost time fraction was increased and the average effective
ness was reduced compared to the higher-temperature tests. The number of 
tests performed was insufficient for definite conclusions, but the results 
indicate that it is desirable to defrost more frequently when the tempera
ture of the inlet cold stream is low. 
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Control of Freeze-Protection Systems: 

One of the objectives of this study was to identify parameters that 
could be used as input signals for a control-system that initiates (and 
possibly terminates) some technique of freeze protection. Various techni
ques of freeze-protection were described previously (e.g., periodic 
defrost, preheat, etc.). 

A common control strategy is to sense the outdoor temperature and 
activate the freeze protection system when this temperature is below the 
onset of freezing. Using a thermostat and a timer, the cold airstream's 
fan is turned off for a period of time at regular intervals. The data on 
onset of freezing, defrost frequency, and defrost time fraction in this 
report should be useful as design parameters for such a control system. An 
attractive feature of this control system is its simplicity and low cost; 
however, it cannot provide optimal performance since it does not adjust for 
changes in indoor humidity and outdoor temperature. Also, considerable 
information on the freezing characteristics of the exchanger is required, 
and testing to determine this information is time-consuming and expensive. 

Another strategy that is not unusual is to sense the outlet tempera
ture of the supply airstream and to activate the freeze protection system, 
generally a preheat system, to maintain this temperature above some value. 
A weakness of this strategy is that a number of factors besides freezing 
could possibly reduce the supply temperature below the set point (e.g., low 
outdoor temperatures, and fouling of the heat exchange surfaces). 

A strategy that has been suggested is to use the drop in static 
pressure of the exhaust airstream as it passes through the core as the 
controlling parameter. As ice or frost forms in the core, this pressure
drop will increase and a defrost could be initiated after a certain in
crease. This pressure-drop will decrease as the ice or frost melts and the 
control system could terminate the defrost when the pressure-drop returns 
to its value prior to freezing. To initiate the defrost when a 10% drop in 
flow rate occurs, which corresponded to roughly a five to ten percent drop 
in temperature efficiency in our tests, would require that the control 
system respond to a very small change in pressure-drop. For example, based 
on the fan performance data for the Flakt and Air Changer heat exchangers, 
the increase in pressure-drop would be roughly 10 and 5 Pa, respectively, 
for a 10% decrease in flow rate from 200 to 180 kg/h. 

With the decreasing cost of electronic systems, it may be cost effec
tive to develop more "intelligent" control systems for freeze protection. 
An intelligent control system would: 1) activate the freeze protection 
system only when needed, 2) automatically adjust for changes in indoor 
humidity, outdoor temperature, and flow rate, 3) not be activated by 
performance changes caused by factors other than freezing, and 4) eliminate 
the need for extensive testing of each unit under conditions of freezing. 
For example if a defrost technique is employed, the control system might 
sense the appropriate airstream temperatures to allow a determination of 
temperature efficiency, and also sense the temperature of a heat-exchange 
surface at the cold end of the core. The defrost could be initiated only 
when the surface temperature was below freezing and the temperature effi
ciency had dropped below a certain value. The defrost could be terminated 
when the temperature of the heat exchange surface increased to a few 
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degrees.;centigrade. A preheat system might be controlled by a similar set 
of senso~s. A~ternately, the control system might sense only the tempera
tureof -tbe heat exchange surface and provide sufficient preheat to main
tain this temperature above freezing. In fact, a simple thermostatic 
control system based on the temperature of the heat exchange surface might 
be preferable to a thermostat-timer system based on air temperature. The 
actual desirability of more "intelligent" control systems will depend on 
their cost and performance. It is more important to optimize the, freeze 
protection system if the heat exchanger will be used in a very cold cli
mate. 

Suggestions for Future Experimental Studies: 

Based on our studies, the following are suggestions for future experi
mental investigations ,of freezing in air-to-air heat exchangers. First, it 
would be beneficial if different investigators used the same criteria for 
the onset' of freezing. Since temperature efficiency is -the 'variableqf 
primary interest, a useful criterion for the onset of freezing might be a 
reduction - in temperature ,efficiency by a specified amount (e.g., - 5~) -- from a 
reference value of efficiency that is measured with the same test system. 
The reference value of temperature efficiency could be the measured value 
with the same inlet temperature and humidity for the warm airstream and 
with an inlet cold stream temperature slightly above freezing (e.g., 2oC). 
Secondly, further information would be gained by experimental studies of 
freezing in additional models of heat exchangers and under a wider variety 
of operating conditions. Additional investigations -of freezing in heat 
exchangers with low inlet cold-stream temperatures would be particularly 
valuable. Third, if residential heat exchangers are to be used in regions 
with very cold Climates, 'improved techniques for freeze protection and 
improved control systems for these techniques are desirable; thus, experi~ 

mental evaluation of various methods· of freeze-protection would ,be 
valuable. Finally, information on temperature and humidity profiles in the 
cores of exchangers undercondi tions with freezing would be, of value. for 
model de,velopment and verification. 

SUMMARY ARD OORCLUSIORS 

An experimental investigation of freezing in residential air-to-air 
heat exchangers was conducted. The temperature of the cold airstream at 
the onset of. freezing and its dependence on the relative humidity of the 
inlet warm airstream was determined for three exchangers of 'different 

. design. In two of the heat exchangers (a cross flow and a counterflow), 
performance under conditions with freezing and periodiC defrosts was stu~ 
died in detail. 

The onset of freezing, as determined by visual observation, ' ranged 
from approximately -30 C to _,12oC and was a function of both heat exchanger 
design and the,humidity of the warm airstream. These results are in fair 
agreement with determinations of' the onset of freezing for the limited 
number of reported field studies with similar heat exchangers and with 
theoretical predictions presented in this paper. Data from a previous 
laboratory study of the onset of freezing in a counterflow exchanger and 

-, . 
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tabulated data supplied by ASHRAE, however, indicate that freezing is 
initiated with significantly lower cold stream temperatures, particularly 
when the warm airstream is humid. In future studies, it would be bene
ficial if different investigators used the same criteria for the onset of 
freezing and a suggestion for this criteria is provided in this paper. 

In tests of a cross-flow heat exchanger, freezing caused the tempera
ture efficiency to decrease at a rate from 1.5 to 13.2 percentage points 
per hour (~/h). More rapid decreases in efficiency were associated with 
lower cold airstream temperatures, higher warm airstream humidities, and 
shorter periods of freezing. Temperature efficiency decreased at a slower 
rate (0.6 to 2.0 ~/h) during tests of a counterflow heat exchanger. From 
observations of the cores during freezing, it appeared that the performance 
of the counterflow heat exchanger decreased at a slower rate because the 
core contained larger flow passages which are not easily obstructed by ice, 
and because much of the condensed water drained to the warm end of the core 
where it could not freeze. 

The amount of time required to defrost these heat exchangers divided 
by the total operating time (i.e., the defrost time, fraction) ranged from 
0.06 to 0.26 and did not differ greatly between the cross flow and counter
flow exchangers when corresponding tests were compared. This "defrost time 
fraction" was smaller after a longer period of freezing which indicates 
that the defrosting periods are used more effectively after significant ice 
or frost had formed in the exchangers. With an inlet cold airstream 
temperature of approximately -12.50 C, the optimal amount of time between 
defrosts appeared to be in the. range of one to six hours for the cross flow 
exchanger and six to thirteen hours for the counterflow exchanger. With 
lower cold airstream temperatures, more frequent defrosts may yield a 
better average performance. 

When the frequency of defrosts was in the optimal range, the average 
temperature efficiency for freeze-defrost cycles was in the range of 62~ 
for the cross flow exchanger and 75~ for the counterflow exchanger. The 
counterflow exchanger had a higher average efficiency because of its 
superior performance without freezing and because its performance was less 
rapidly affected by freezing. It was estimated that the freezing and 
periodic defrosts reduced the average temperature efficiency of the cross
flow and counterflow exchangers by 15~ and 10~, respectively. Larger 
reductions in average performance occurred when the frequency or duration 
of defrosts was far from optimal. 

This investigation indicates that the performance of residential air
to-air heat exchangers need not be drastically reduced under freezing 
conditions. A freeze-protection system is clearly desirable if these 
exchangers are to be used in cold climates. Heat exchanger designs that 
minimize the effects of freezing, and improved controls for freeze-protec
tion systems, are recommended. 
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Table 1. Results from tests of cross-flow F1akt heat exchanger with inlet temperature 
of cold stream between -10.7oC and -13.2oC 

TEST WARM WARM INITIAL COLD INITIAL DURATION INITIAL RATE OF AVERAGE RATE OF DEFROST , INLET INLET WARM INLET COLD OF TEMP. DECREASE TEMP. DECREASE IN TIME 
TEMP. R.H. OUTLET TEMP. OUTLET FREEZE EFF. IN TEMP. EFF. WARM STREAM FRACTION 

FLOW FLOW EFF. FLOW 
(-) (oC) (X) (Kg/h) (oC) (Kg/h) (h) (X) (X/h) (X) (X/h) (-) 

FL1 19.9 39 225 -11.9 218 17.0 77 2.6 48.5 3.7 0.07 
FL2 20.0 39 223 -10.8 219 4.0 75 3.4 61.6 3.7 0.12 
FL3 20.0 39 223 -12.1 220 0.9 74 5.2 63.0 4.4 0.14 
FL4 19.7 28 222 -11.8 218 21.0 74 1.5 52.4 1.3 0.04 
FL5 19.9 29 225 -11.1 218 4.1 71 2.5 62.1 1.4 0.07 
.FL6 19.4 30 225 -13.1 218 13.3 72 2.3 53.1 2.8 0.06 
FL7 19.9 30 226 -12.3 219 2.0 74 2.4 62.0 0.8 0.14 

N FL8 19.9 29 226 -12.1 220 2.0 73 2.0 1.2 0\ 
FL9 19.9 29 225 -12.3 215 16.0 75 1.9 53.6 1.5 0.10 
FL10 20.2 54 220 -11.1 215 1.0 80 9.9 56.8 8.2 0.26 
FL11 20.1 55 220 -10.7 211 1.0 81 10.4 59.8 7.6 0.24 
FL12 20.7 54 215 -11.6 204 11.5 82 2.5 54.0 1.1 0.08 
FL13 20.2 54 218 -13.2 247 2.0 76 13.0 50.8 15.7 0.22 
FL14 20.0 54 220 -12.9 240 2.0 76 11.8 12.1 
FL15 20.1 55 220 -12.1 238 3.8 76 8.6 48.2 7.0 0.15 
FL16 20.1 56 220 -11.7 238 9.8 77 3.5 47.7 2.4 0.10 
FL17 20.1 42 225 -12.1 231 5.8 74 4.4 58.0 6.8 0.08 
FL18 20.0 42 222 -12.2 229 6.0 74 4.3 54.4 6.9 0.10 
FL19 20.0 32 225 -12.1 229 5.8 72 2.4 60.2 3.0 0.09 
FL20 20.1 42 222 -11.4 227 6.0 75 4.8 57.9 6.9 0.10 
FL21 20.1 32 225 -10.9 229 5.9 74 2.2 64.2 2.0 0.06 
FL22 19.5 30 226 -13.0 219 15.8 72 2.1 51.3 2.2 0.06 
FL23 20.2 55 221 -11.9 211 14.9 83 2.8 51.7 1.9 0.07 
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Table 2. Results from tests of cross-flow Flakt heat exchanger with inlet temperature 
of cold stream between -19.1oC and -20.8oC 

TEST WARM WARM INITIAL COLD INITIAL DURATION INITIAL RATE OF AVERAGE RATE OF DEFROST 
I INLET INLET WARM INLET COLD OF TEMP. DECREASE TEMP. DECREASE IN TIME 

TEMP. R.H. OUTLET TEMP. OUTLET FREEZE EFF. IN TEMP. EFF. WARM STREAK FRACTION 
FLOW FLOW EFF. FLOW 

(-) (oC) (%) (Kg/h) (oC) (Kg/h) (h) (%) (%/h) (%) (%/h) (-) 

FL24 20.1 32 225 -19.9 231 1.8 73 6.0 61.1 6.5 0.12 
FL25 20.2 33 225 -20.8 229 3.1 73 6.4 54.8 15.0 0.14 
FL26 20.1 32 227 -20.5 234 2.4 73 6.8 10.9 
FL27 20.2 32 229 -20.1 235 4.0 74 5.5 58.4 9.3 0.11 
FL28 20.0 32 225 -20.4 232 5.2 73 4.8 12.3 
FL29 20.1 42 223 -19.1 220 1.6 74 7.8 62.1 13.3 0.13 

N 
FL30 20.1 42 222 -20.7 220 2.9 75 13.2 28.7 

'-I FL31 20.1 42 223 -20.4 229 4.0 73 10.8 22.6 



Table 3. Results from tests of counterflow Air Changer heat exchanger. 

TEST WARM WARM INITIAL COLD INITIAL DURATION INITIAL RATE OF AVERAGE RATE OF DEFROST , INLET INLET WARM INLET COLD OF TEMP. DECREASE TEMP. DECREASE IN TIME 
TEMP. R.B. OUTLET TEMP. OUTLET FREEZE EFF. IN TEMP. EFF. WARM STREAM FRACTION. 

FL~ FL~ EFF. FLOW 
(-) (oC) (%) (Kg/h) (oC) (Kg/h) (h) (%) (%/h) (%) (%/h) (-) 

AC1 19.9 33 191 -11.9 191 2.1 86 0.7 72.0 1.6 0.17 
AC2 19.9 31 190 -13.5 185 14.3 88 1.4 74.4 1.5 0.07 
AC3 20.0 32 187 -13.7 190 3.6 86 2.0 70.2 4.1 0.15 
AC4 20.0 31 191 -13.0 191 6.0 87 0.9 76.7 1.6 0.09 
AC5 20.0 33 191 -11.9 191 2.0 87 0.6 75.1 1.2 0.14 
AC6 19.9 32 191 -13.2 191 3.9 86 1.3 74.5 3.0 0.11 

N AC7 19.8 43 188 -12.8 193 1.9 87 0.8 71.1 2.5 0.17 00 
AC8 20.1 43 184 -13.1 189 5.9 86 1.0 73.4 3.2 0.13 
AC9 20.2 41 187 -13.2 188 13.6 87 2.0 72.9 2.9 0.06 
AC10 20.0 57 181 -13.8 191 2.0 89 1.0 74.2 1.7 0.16 
AC11 20.0 57 191 -12.1 187 5.4 91 0.7 81.8 2.1 0.10 
AC12 20.0 57 184 -13.3 187 14.4 91 1.4 80.7 2.8 0.06 
AC13 19.9 44 186 -15.6 191 4.0 85 2.0 71.6 6.3 0.14 
AC14 20.0 58 184 -16.0 191 6.0 90 1.9 77.0 5.0 0.11 
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Figure 1. Schematic diagram of a residential air-to-air heat exchanger. 
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o 20 c. e is the temperature efficiency of the heat exchanger. 
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Figure 10. Mass flow rate of warm airstream, temperature efficiency for cold airstream, and inlet temperature 
of cold airstream for test No. FL-15 of Flakt heat exchanger. The average inlet temperature and relative 
humidity of the warm airstream were 20.1oC and 55%, respectively. The dashed lines connect data points from 
periods before and after the defrost. 
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Figure 11. Rate of decrease in temperature efficiency versus duration of the freeze for tests of Flakt heat 
exchanger. 
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Figure 12. Defrost time fraction versus duration of the freeze for tests of Flakt heat exchanger. 
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Figure 13. Average temperature efficiency versus duration of freeze for tests of Flakt heat exchanger. 
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Figure 15. Defrost time fraction versus duration of freeze for tests of 
Air Changer heat exchanger. 
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